Quantum Hall effect on top and bottom surface states of topological insulator (Bi_(1−x)Sb_x)₂Te₃ films by Yoshimi, R. et al.
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Supplementary Figure 1 Measurement configurations with an AC excitation. 
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Supplementary Figure 2 Magnetic field dependence of Rxx (red) and Ryx (blue) at T = 40 
mK for x = 0.84 ((a) and (b)) and for x = 0.88 ((c) and (d)) devices. VG is tuned at each QH 
state. Dashed lines indicate h/e2 ~ 25.8 kΩ. ±
  
2 
 
120
100
80
60
40
20
0
R
xx
 (k
Ω
)
-4 -2 0 2 4
VG - VCNP (V)
B = 14 T
13 T
12 T
11 T
10 T
9 T
8 T
7 T
6 T
5 T
4 T
3 T
0 T
B = 14 T
13 T
12 T
11 T
10 T
9 T
8 T
7 T
6 T
5 T
4 T
3 T
0 T
50
40
30
20
10
0
R
xx
 (k
Ω
)
-4 -2 0 2 4
VG - VCNP (V)
ba
T = 40 mK
x = 0.84
T = 40 mK
x = 0.88
 
Supplementary Figure 3 Longitudinal resistance Rxx as a function of effective gate voltage 
VG − VCNP under several magnetic fields for x = 0.84 (a) and x = 0.88 (b) sample, 
respectively. 
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Supplementary Figure 4 Second derivative of σxy with respect to the effective gate 
voltage VG − VCNP at various magnetic fields for (a) x = 0.84 and (b) x = 0.88 devices. The 
colors of triangles correspond to those of the data plot in Fig. 3c and 3d. 
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Supplementary Figure 5 (a) Top gate voltage (VG) dependence of longitudinal 
conductivity σxx at various temperatures for the x = 0.88 device. The crossing bias position 
of two linear broken lines may be considered as the charge neutral point (CNP). However, 
the VG is slightly shifted from the VG giving CNP defined by Hall measurements. (b), (c) 
Effective gate voltage (VG − VCNP) dependence of longitudinal and transverse resistance 
(Rxx and Ryx) and inverse of Hall coefficient 1/RH under a magnetic field B = 3 T at a 
temperature T = 40 mK. VCNP is defined at the VG where Ryx changes its sign. The inset 
schematics in (b) illustrate the Fermi level position between the Dirac points of the top and 
bottom surface states, representing the CNP. Right (left) inset in (c) indicates the Fermi 
level position that allows electron (hole) occupation on both surface states. 
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Supplementary Notes 1 | Measurement configuration 
   Low temperature transport measurements were performed in a dilution refrigerator with 
a superconducting magnet employing a lock-in technique at a low frequency (~ 3 Hz) and 
with a low excitation current (~ 1 nA). In the measurement circuit shown in Supplementary 
Fig.1. A series resistance of 1 GΩ was introduced to maintain a constant current condition 
that was confirmed by the signal from the lock-in amplifier that measured the current fed 
through the sample. We stress that all of the displayed data in the Figures in main text are 
the raw data under each condition without any (anti)symmetrization procedure. We did 
observe negligible asymmetry under positive and negative magnetic fields. 
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Supplementary Note 2 | Magnetic field dependence of Rxx and Ryx towards the QH 
state in the device 
Supplementary Figure 2 shows the magnetic field dependence of Rxx and Ryx at T = 40 
mK. VG − VCNP was tuned at the position to observe the largest Ryx values. With increasing 
magnetic field, Ryx linearly increases and bends to saturate at the quantum resistance h/e2 at 
high magnetic field for ν = 1 of the x = 0.84 device (a) and (b) as well as for ν = +1 of 
the x =0.88 device (c). In this experiment, we have never observed Shubnikov-de Haas 
oscillation or quantum Hall plateaus at filling factor ν > 1. This is attributed to low mobility 
of our films and positive magnetroresistance appearing under low magnetic field. The 
Quantum Hall plateau with ν = 2 and 3 would have appeared at B = 4 and 5 T. At such a 
low magnetic field, a sharp increase in Rxx is observed mainly due to the weak 
antilocalization which is common behavior in this system (1). As a result, ωCτ (ωC is the 
cyclotron frequency and τ is the scattering time) is lower than 1, meaning appearance of 
quantum transport is not expected. Above 6 T, Rxx starts to decrease and approaches zero. In 
case of the electron accumulation side in the x = 0.88 device, Ryx does not reach to h/e2 at ν 
= −1 and Rxx does not decrease within the maximum available field (up to B = 14T) , as 
shown in Supplementary Fig. 2d. 
±
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Supplementary Note 3 | Magnetic field dependence of the peak Rxx at VCNP 
corresponding to ν = 0 state 
Supplementary Figures 3 shows the magnetic field dependence of the peak Rxx at T = 40 
mK. The divergent behavior observed at CNP under high magnetic field is one of the 
signatures of a pseudo-spin quantum Hall insulator (2, 3).   
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Supplementary Note 4 | Determination of the plateau edge in Fig. 3c and 3d. 
The plateau edges represented by the solid squares in Figs. 3c and 3d in main text were 
defined from the second derivative of σxy with respect to the VG as shown in Supplementary 
Fig. 4. Under the magnetic field larger than 7 T, peaks and dips (lower triangles) appear as 
indicated, which correspond to the inflection points of σxy. Below 3 T, no significant feature 
is observed. 
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Supplementary Note 5 | Energy scales in the band alignment. 
  To depict the relationship of Dirac dispersions on the top and bottom surface states 
shown in Fig. 2j, we deduce the energy difference of Dirac points (δEDP) from the 
difference in the gate voltages (δVG) of 1.4 V giving the plateau transitions from ν = 0 to 
neighboring ν = 1 states indicated by dotted lines and black circles in Fig. 3d of the main 
text for the x = 0.88 device. In order to convert δVG to the change in charge carrier density 
δn2D, we assumed δn2D e = Ceff δVG, where Ceff is the effective capacitance. Ceff is deduced 
as 5 × 1011 cm−2V−1 from the linear part of 1/RH vs. (VG – VCNP) relation shown in 
Supplementary Fig. 5c. Then δn2D is estimated as 7 × 1011 cm−2. We adopted here the 
electron accumulation side for fitting, since overlap of valence band may give error in the 
estimation in hole accumulation side.  
±
hAssuming Dirac k-linear dispersion, i.e., E = vFk and n = k2/4π (where n is the carrier 
density on the single Dirac cone, vF is Fermi velocity and k is Fermi wave number), δn2D 
can be converted to δEDP. We took vF ~ 5 × 105 ms-1 as an averaged value of those of the 
electron and the hole in (Bi0.12Sb0.88)2Te3 (4, 5) and obtained δEDP ~70 meV for the x = 0.88 
device. The similar procedure was adopted for the estimate of δEDP of the x = 0.84 device; 
from the value of δVG = 0.9V (see Fig. 3c), we obtain δEDP ~ 50 meV. The δVG value is in 
good agreement with the difference in VG giving maxima in |Ryx| shown in Supplementary 
Fig. 5c (x = 0.88) and Fig. 1e (x = 0.84). In between these maxima, electrons and holes 
coexist in the two Dirac states and the contribution to Ryx cancels each other. When the 
Fermi level moves across the Dirac points, only electrons (holes) contribute to Ryx, giving 
maximum in |Ryx|. 
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Supplementary Note 6 | Charge neutral point in the device (x = 0.88) 
   Transport characteristics for the device (x = 0.88) at B = 0 and 3 T are shown in 
Supplementary Fig. 5. VG dependence of σxx at B = 0 T presents similar trend to that in the 
device (x = 0.84) shown in Fig. 1c, exhibiting weak temperature dependence. It is noted 
that the minimum conductivity was observed at around VG = 1 V, indicating that the device 
(x = 0.88) presented here has originally p-type charge carriers, while the device (x = 0.84) 
presented in main text has n-type conduction. With applying B = 3 T, we obtained 
ambipolar behavior with a peak in Rxx and a zero-crossing in Ryx. Contrary to the case of x 
= 0.84 device which has no Sb2Te3 buffer layer (see Fig. 1d in the main text), these two bias 
voltages differ slightly. Since we observe this difference only when a monolayer Sb2Te3 
buffer is employed, we conclude that the difference in bias voltages is originating from the 
energy difference of the top and bottom surface states as depicted in the insets of 
Supplementary Figs. 5b and 5c. At the bias voltage of Ryx = 0, electrons and holes exist on 
the top and bottom surface, respectively. Since the total conductivity is the sum of those at 
top and bottom surfaces, bias voltage at Rxx maximum (conductivity minimum) does not 
correspond to that at Ryx = 0 owing to the mobility difference between electrons and holes. 
The energy difference between the two Dirac points at the top and bottom surface states is 
estimated to be δEDP ~70 meV (see next section). We define VCNP for the device (x = 0.88) 
as the VG at the zero-crossing point in Ryx.  
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